We introduce magnetic field sensor bridges that are formed by combinations of stripes of an exchange-pinned magnetic stack displaying anisotropic magnetoresistance. We present a systematic overview on how the stripe geometries can be combined to form sensor bridges with a scalable signal and how these can be tailored toward detection of external magnetic fields and of magnetic beads over or tethered to the sensor surface. Particular attention is given to the case where the beads are magnetized by the sensor self-field due to the bias current passed through the sensor, which is interesting for magnetic bead sensing and where the static and dynamic magnetic bead response can be monitored in the second harmonic sensor response to an oscillating bias current. The recent literature on applications of these sensors for the detection of magnetic fields and of the dynamic and static response of magnetic beads in suspension and attached to the sensor surface is reviewed as well as the use of the sensors for magnetic biosensing in volume-and surface-based formats. We illustrate that the sensors can be flexibly designed and applied for a number of sensing applications with sensitive detection of magnetic fields down to the nanotesla range.
I. INTRODUCTION

M
AGNETIC field sensors based on the anisotropic magnetoresistance (AMR) effect have been used for magnetic field sensing, since the 1990s [1] - [4] and have attracted renewed interest in the last decade. Compared with the predominant giant magnetoresistance sensors, they offer a lower signal level but they provide advantages of simpler fabrication, flexibility in choice of device shape and resistance, and a high signal-to-noise ratio at low frequencies [5] - [7] . Therefore, they are still attractive for several applications and their use for low-field sensing, e.g., compasses in mobile phones and satellites, is widespread [8] .
AMR sensors can be divided into two main classes. In the first class, the sensors are in the form of crosses that share geometry with Hall sensors. In these, a current is injected along one direction in the sensor cross and the voltage difference is measured in the orthogonal direction. The voltage output from a sensor cross is given by the off-diagonal elements in the resistivity tensor and they were therefore termed planar Hall effect (PHE) sensors. PHE sensors generally produce a low signal but have a high signal-to-noise ratio and they can be optimized to detect sub-nanotesla magnetic fields at low frequencies [6] , [7] . To realize the full potential of PHE sensors, however, ultra-low-noise readout electronics is required. In the second class, four AMR elements are combined to form a Wheatstone bridge where the current is still injected along one direction and the voltage is measured in the orthogonal direction [1] , [2] . Several geometries of these are available [1] , where the most widespread commercial sensors are based on the so-called barber pole design [4] . Exchange-biased PHE sensor crosses were introduced for the detection of magnetic beads in [9] and spawned a renewed interest in AMR sensors, now with a focus on magnetic bead detection and magnetic biosensing [9] , [10] . To avoid the need for special low-noise amplification electronics and to increase the sensor signal, Henriksen et al. [11] and Oh et al. [12] introduced Wheatstone bridge geometries of the same exchange-biased stack as used for the PHE sensors. These produced the same dependence of the signal on the magnetization orientation as the PHE sensors, i.e., the signal was given by the off-diagonal elements of the resistivity tensor, but a substantial geometrical signal amplification was obtained. To emphasize the strong kinship between PHE sensors and Wheatstone bridge sensors made from the same exchangebiased stack, Henriksen et al. [11] introduced the term "PHE bridge" (PHEB) sensors to distinguish these from other AMR bridge sensors, such as barber pole sensors. Although the sensors may more correctly be referred to as "exchange-biased AMR bridge sensors," this term was used in subsequent work and will also to some extent be used below. The bridge design has enabled users to better exploit the intrinsically high signalto-noise ratio for AMR sensors and it has further significantly expanded the sensor design space, such that the exchangebiased AMR bridge/PHEB design can be tailored to provide optimal signal for given applications.
Here, we present an overview of the construction and reported applications of exchange-biased AMR bridge/PHEB sensors tailored for magnetic field sensing with a special focus on magnetic bead sensing in lab-on-a-chip systems for dynamic magnetic susceptibility measurements and for biosensing applications.
II. THEORY
In this section, we first describe the structure of the magnetic stacks used for the sensors. Then, we use energy minimization to obtain a single domain description for the magnetic field response of a stripe [ Fig. 1(a) ]. We introduce the contributions to the magnetic field experienced by a stripe, especially in the presence of magnetic beads. We will put particular emphasis on the detection of magnetic beads magnetized by the sensor self-field arising from the bias current passed through the sensor. Finally, we illustrate how stripes can be combined to form sensor bridges with different properties and we present expressions for the bridge signals obtained using lock-in detection. In this paper, we will generally write magnetic fields in terms of B-fields (=μ 0 H ) to simplify notation.
A. Sensor Stack
The sensors are generally made of a stack with magnetically active layers (bottom-to-top) Ni 80 Fe 20 (t fm )/ Cu(t Cu )/Mn 80 Ir 20 (t afm ) deposited on an oxidized Silicon substrate. Additional layers include a Ta buffer layer (typical thickness 3-15 nm) and a Ta capping layer (typical thickness 3-5 nm). Here, the ferromagnetic (fm) Ni-Fe layer is the active magnetoresistive layer and the antiferromagnetic (afm) Mn-Ir layer is used to pin the magnetization of the fm layer along the x-direction in Fig. 1 (a) to achieve a unique single domain magnetic state in zero external magnetic field. This pinning direction is defined by applying a magnetic field during the thin film deposition. Typical values are t fm = 10-30 nm, t afm = 10-20, and t Cu = 0-1.2 nm (see Table III ). The Cu layer has been introduced to weaken the exchange pinning of the fm layer to increase the response to an external magnetic field [10] , [13] , [14] and is only used in later studies. In addition to the above bi-or trilayer stacks, a spin-valve stack has also been used in a few studies, where a Ni-Fe layer is added between the Cu and Mn-Ir layers [10] , [12] .
B. Single Domain Model for Magnetic Response
The angle θ of the magnetization for a single domain stripe [ Fig. 1(a) ] with magnetization M s can be found by minimizing the magnetic energy. In a magnetic field B y acting along the y-direction, the magnetic energy density u for a branch of angle α can be written as
where B ex is the exchange-pinning field, B K is the anisotropy field, and B sh is the shape anisotropy field [15] . The exchange and anisotropy energy contributions are minimal when M is along the x-axis (θ = 0), whereas the shape anisotropy contribution is minimal when M is along the length of the stripe (θ = α or α + π). Thus, it is clear that when the shape anisotropy is not negligible, the value of θ should be found separately for all possible stripe orientations. For negligible shape anisotropy, Taylor expansion of the derivative of the energy density to the first order gives that u is minimized for
Thus, in this case, the magnetization rotation θ is proportional to B y for low magnetic fields.
C. Contributions to Magnetic Field
We consider the average total magnetic field B y acting on a sensor stripe in the y-direction. The contributions to B y can be divided into a contribution B ext y due to a homogeneous external magnetic field B app y applied along the y-direction and a contribution from the magnetic field induced by the bias current passing through the sensor (the self-field), B sf y , that is
When magnetic beads are present over the sensor, they are magnetized by B app y and we can write
where β is a factor accounting for the perturbation of the external magnetic field experienced by the sensor due to the presence of magnetic beads and χ is the complex magnetic susceptibility of the beads. β depends on both the amount and distribution of the magnetic beads as well as on the geometry of the sensor. When the beads are magnetized by an external magnetic field, their magnetic dipoles are all aligned along the field. The magnetic field directly under a magnetic bead has a direction opposite to the dipole orientation whereas the magnetic field in front of the dipole is directed along the dipole. This causes both the sign and magnitude of the signal to depend on the detailed arrangement of the beads over the sensor as well as on the height profile of the sensor [16] , and in the extreme case of a uniform bead distribution in the halfspace over the sensor, zero signal is expected [16] , [17] . These magnetic bead signal cancelation effects can be mitigated by careful sensor design or by selective functionalization of either the sensor area or the area outside the sensor [16] . In this paper, we have not pursued the measurements of β, but we maintain β in the description below to keep the description general and consistent. In our application of PHEBs, we magnetize the magnetic beads using the self-field arising from the applied bias current. The self-field circulates around the sensor stripe and thus the magnetic dipole of a magnetic bead changes orientation when it is moved from being over the sensor stripe to outside the sensor stripe. Fig. 2(a) shows the magnitude of the magnetic field over a sensor stripe at a typical experimental condition. For a stripe with α = 0, the magnetizing self-field is oriented in the negative y-direction and a magnetic bead placed over the stripe thus gives rise to a magnetic field acting on the stripe in the positive y-direction. When a magnetic bead is positioned away from the center of the stripe, its dipole moment is aligned with the magnetizing field, with a z-axis component. A detailed analysis of the magnetic field as a function of the bead position has revealed that, in this case, the magnetic beads contribute to the signal with the same sign irrespective of their position [19] . Thus, the signal from magnetic beads magnetized by the sensor self-field does not suffer from the cancelation effect that appears for magnetic beads magnetized by a homogeneous magnetic field. The contribution due to the self-field along the y-direction can be written as
where I stripe is the current passed through the stripe, γ 0 is a constant accounting for self-bias due to current shunting in other layers than that exhibiting AMR, and γ 1 is a constant accounting for the volume and distribution of magnetic beads over the sensor [19] . Fig. 2(b) shows a contour plot of the contribution to the signal from a homogeneous distribution of magnetic beads in a half-space above the sensor stripe. It is observed that about 80%-90% of the signal is due to beads within a radius of about 1.3w from the sensor center. The corresponding area of the stripe cross section is about 2.7w 2 [19] . This means that most of the signal for a single stripe of length l = 280 μm and w = 20 μm arises from beads in a volume of 2.7lw 2 ≈ 0.3 nL. 
D. Resistance of Sensor Construction Element
In this section, we present the resistance of the sensor construction element shown in Fig. 1(a) . The stripe of the magnetic stack has a width w, length l, and thickness t. The angle of a positive current passed through the stripe to the x-axis is denoted α and the stripe is assumed to have a homogeneous magnetization oriented at an angle θ to the x-axis. Due to AMR, the resistivity of the stripe depends on the relative orientation of the current and the magnetization. The resistivities when these are parallel and perpendicular are denoted by ρ and ρ ⊥ , respectively, and we define ρ ≡ ρ − ρ ⊥ . Typically, ρ is about 2%-3% of the average resistivity. Using Ohm's law, it can be shown that the resistance of the single stripe of the magnetic stack shown in Fig. 1(a) is
where
is the stripe resistance when θ = 0 [11] , [20] , [21] .
Inserting the low-field result for θ from (2) in (6) yields
with the single stripe low-field sensitivity
Further inserting the expressions for the total magnetic field B y from (4) and (5) in (7) gives
From (9), it is clear that the interesting values of α are those where sin(2α) = ±1 or cos α = ±1, i.e., α = pπ/4 with p being an integer number. It is also clear that extrema for sin(2α) cos α are of interest as they correspond to α-values that maximize the self-field signal. These are obtained for α = arccos(±(2/3) 1/2 ) (maxima) and α = − arccos(±(2/3) 1/2 ) (minima) where sin(2α) cos α = ±0.7698. Comparing the result for these values to that for α = π/4, where sin(2α) cos α = 1/ √ 2 ≈ 0.7071, the improvement is only about 9%. For simplicity, we, therefore, restrict our considerations below to α = pπ/4. Table I gives an overview of the signs of the contributions to R due to the external field and the self-field for these values. and n (green stripes with current along −3π/4 in R 1 and R 4 ). In the bottom row is illustrated a compact design of the PHEB sensor with m = 3 and n = 2.
E. Sensor Bridge Designs
The presented elements can be combined to form the four arms R 1 -R 4 of a Wheatstone bridge as indicated in Fig. 1(b) , where the resistance of each arm is given by addition of stripes, R(α), remembering that α should be chosen to represent the direction of a positive applied current through the resistor. The output voltage (potential increase in the y-direction) from the bridge is
where the latter result is valid when R 1 + R 2 ≈ R 3 + R 4 where
By combining in series multiple resistive elements in a meandering fashion, it is possible to increase the sensor length with a minor increase of the sensor footprint. The space of design parameters is large, and we therefore only consider a few combinations of those. Below, we follow and generalize the analysis presented in [21] . The low-field bridge output can easily be calculated for all possible combinations and experimental conditions by use of (10) with R(α) given by (9) or Table I . Fig. 3 shows the bridge designs that we have employed in our studies. It presents bridges whose arms are a single resistive element or a meander of parallel resistive elements. Let us first consider meandering sensor designs with
, where m and n are nonnegative integers, and let us assume that all resistances experience identical values of β, γ 0 and γ 1 corresponding to that they all have the same width, are functionalized identically and are exposed to the same sample. Furthermore, we note that often a meander geometry is designed, such that n = m − 1 or n = 0.
In the first design, termed PHEB or meander PHEB (mPHEB) (Fig. 3) , each element in R 1 and R 4 with orientation α is matched by a corresponding element in R 2 and R 3 with orientation −α, i.e., we let [21] . This design has a high degree of symmetry. The bridge output voltage is
For the external field contribution, the contributions from the two current orientations in each resistor are additive and the signal is proportional to the total length of the meander l(m +n) in each resistor with an observed low-field sensitivity S obs 0 = (m + n)S 0 . For the self-field contribution, however, the contributions from the two current orientations are subtractive and the signal is proportional to m − n. Thus, a meander structure does not increase this signal unless one of the current orientations is eliminated (n = 0), e.g., by using a nonmagnetoresistive conductor [21] .
In the second design, termed parallel PHEB (pPHEB) (Fig. 3) , each element in R 1 and R 4 with orientation α is matched by a corresponding element in R 2 and R 3 with orientation α − π, i.e., we let R 2 = R 3 = m R(−3π/4) + n R(π/4) [21] . Inspecting Table I , this design choice conserves the sign of k ext but changes the sign of k sf , i.e., it eliminates the contribution from a homogeneous external field in the bridge voltage. It can be thought of as an antisymmetric design. The bridge output voltage is
A third design can be made, which is nominally insensitive to the self-field contribution to the signal, such that only the signal due to the external field is detected. Requiring parallel stripes, balanced contributions from the stripes and k ext = −1 for R 1 and R 4 and k ext = +1 for R 2 and R 3 , it observed from Table I that this can be obtained for R 1 /4) . Noting that switching the roles of the current and voltage leads corresponds to the transformation α → −α and m → n, we observe that this design can be realized by switching the current and voltage leads of the already presented PHEB design.
A final important design, termed differential PHEB (dPHEB) (Fig. 3) , relies on differential detection between the top (R 1 and R 2 ) and bottom (R 3 and R 4 ) halves of the sensor bridge, where [20] . Under nominally identical physical conditions (temperature and external magnetic field) and homogeneous amounts of beads on the top and bottom parts, respectively, the bridge voltage from this design is
, and where we have used I stripe ≈ I /2. This design can be scaled to more branches, if needed. It produces a signal only due to the magnetic beads and is suited for distinguishing small magnetic bead signals in a background.
F. Electrical Readout and Magnetic Bead Response
In this paper, we have almost exclusively used lockin detection to read out the sensor response. To do this, 
where χ 0 is the dc magnetic susceptibility, |χ| is the magnitude of the frequency-dependent complex magnetic susceptibility, and φ is the phase lag of the response with respect to the excitation. Using the cosine relations, this can also be written in terms of the in-phase and out-of-phase components of the magnetic susceptibility
To include the complex susceptibility in the description of the self-field contribution to the signal, we can, therefore, make the substitution γ 1 I rms cos(ωt)χ → γ 1 I rms [χ cos(ωt) + χ sin(ωt)] in the expressions for the bridge voltage. The in-phase and out-of-phase components of the nth harmonic signal from the lock-in amplifier can be calculated as
The values of V n and V n correspond to the coefficients in a Fourier series representation of V (t) divided by √ 2. The results for the presented mPHEB, pPHEB, and dPHEB sensors are given in Table II. Note that with the above-mentioned definition of the bridge voltage V as the potential increase in the y-direction V 1 has a negative slope versus applied field, as S 0 is defined to be negative in (8) . In studies of the field sensitivity, it has often been convenient to define V as the potential drop in the y-direction (= −V ) to obtain a positive slope of the signal versus field response. In studies focusing on magnetic bead detection, the definition of V as the potential increase in the y-direction has typically been used, as the introduction of magnetic nanobeads in this case causes a positive change in V 2 (see Table II with S 0 < 0).
In this paper, we will consider magnetic beads with a remanent magnetic moment that may relax in a liquid via a physical rotation (Brownian relaxation). This magnetic relaxation process can generally be described by the Debye model [22] 
where χ ∞ is the susceptibility at infinite frequency and f B is the Brownian relaxation frequency given by
Here, k B T is the thermal energy, η is the viscosity of the liquid in which the beads are suspended, and d h is the hydrodynamic diameter of the beads. A distribution of relaxation times can be accounted for using the empirical Cole-Cole model [23] or by integrating over the size distribution [18] . A measurement of the magnetic susceptibility versus frequency will show χ ≈ χ 0 and χ ≈ 0 at f f B and χ ≈ χ ∞ χ 0 and χ ≈ 0 at f f B . The χ data will show a peak at f = f B , which also corresponds to the inflection point in the χ data.
III. EXPERIMENTAL SETUP
To enable experiments on sensors integrated in a microfluidic channel with minimum handling of a chip, we developed a "click-on" system providing up to 20 electrical contacts via spring-loaded pins as well as defining a fluidic channel over the sensors (Fig. 4) [24] , [25] . The chip with the dimensions of 4.7 mm× 7.5 mm was placed in a well in an Al block onto which the top shown in Fig. 4(a) was placed and locked with two screws. The top provided the electrical contact between the contact pads on the chip and a printed circuit board on the other side containing connectors. The top also contained an inlet and an outlet connected to vertical through holes at each end of the fluidic channel over the chip. The channel outline (1 mm × 5 mm) was defined in a gasket cast in polydimethylsiloxane (PDMS). The channel height was either 1 or 0.1 mm. The Al well in which the chip was placed was connected to a Cu bottom onto which a Pt thermometer was mounted. The base of the Cu bottom was placed on a Peltier element providing the heating or cooling of the system. The other side of the Peltier element interfaced with a CPU liquid cooler. The temperature of the Cu bottom was controlled using an LFI-3751 temperature controller (Wavelength Electronics, Inc, MT, USA). The temperature of the control thermometer was In addition to the temperature control, either an electromagnet with an iron core (±40-mT field range) or a Helmholtz coil (±11-mT field range) could be mounted, such that measurements could be performed as a function of field and temperature. The mounting of a chip took less than 1 min with a success rate above 90%. The response of up to five sensors could be measured simultaneously using (typically) Stanford Research Systems SR830 lock-in amplifiers after preamplification using SR552 pre-amplifiers. The sensors were either biased by a constant current supplied by a Keithley 6221 ac and dc current source or by a constant voltage supplied by a high-fidelity audio amplifier driven by the voltage output signal from one of the lock-in amplifiers.
All measurements presented in the following were performed in an unshielded laboratory environment, i.e., with neither magnetic nor electrical shielding of the sensor setup.
IV. RESULTS AND DISCUSSION
In this section, we give an overview of the results reported in the literature on exchange-biased AMR bridge sensors. Table III presents the key characteristics of the presented sensors and lists the studies performed using the sensors. In addition to the PHEB, pPHEB, and dPHEB sensor designs introduced earlier, Table III also includes a ring-shaped version of the PHEB sensor (ring-PHEB) introduced in [12] . Size limitations on the sensor structures were discussed in [15] . In the following, we first give an overview of the results obtained for magnetic field sensing and then we introduce the studies focusing on the detection of magnetic nanobeads. Fig. 5 shows the examples of field sweep measurements on a PHEB sensor of the indicated stack and geometry. The stack with t fm = 20 nm and t Cu = 0.6 nm was identified in [15] as the one with the highest low-field sensitivity of the stacks investigated (t fm = 10, 20, 30 nm and t Cu = 0, 0.3, 0.6 nm). The field sweeps in Fig. 5 are typical for PHEB sensors, showing a linear low-field region, a peak in the response at B y = ±(B ex + B K / √ 2), and, subsequently, a signal with a decreasing magnitude. The observed low-field sensitivity, S obs 0 , is the slope of the V /I rms response at low fields.
A. Magnetic Field Sensing
A number of different sensor geometries and stack compositions have been investigated (see Table III ). The sensor signal is proportional to the total length l = (m + n)l of a resistor in the bridge for PHEB sensors and inversely proportional to the sensor width w. Therefore, the highest sensitivities have been reported for sensors with high values of l/w. The highest absolute value of the low-field sensitivity reported in each study is listed in Table III . However, the maximum achievable signal also depends on the maximum bias current or voltage that can be applied, which may be limited due to sensor self-heating or other constraints imposed by the sensor application [14] . Furthermore, the low-field sensitivity may also be reduced by shape anisotropy of the sensor stripes [15] . Therefore, the sensor dimensions can only be chosen within certain constraints defined by the sensor stack, the application of the sensors, and the surrounding electronics.
To enable a comparison of the stack only, (8) and Table II] . Here, the stack with t fm = 20 nm and t Cu = 0.6 nm, for which the field sweep is shown in Fig. 5 , had the highest value and generally the stacks in Table III , including a Cu layer showed higher values than their counterparts without Cu. It should be noted that the ring-PHEB sensor design theoretically does not perform as well as the PHEB sensor design with straight conductors [34] but also that the two designs are affected differently by shape anisotropy as discussed in detail in [15] .
The lowest magnetic field that can be resolved by the sensors in Table III shows a complex dependence on the intrinsic noise of the sensor, on the bias current applied to the sensor, the frequencies relevant for the sensor use, and on the associated detection electronics. Moreover, the practical performance of a sensor depends on the magnitude of the sensor offset and to which extent external parameters, such as temperature and external magnetic field sources, can be kept constant during experiments. Therefore, the sensors with the highest sensitivity in Table III do not necessarily have the highest field resolution. Only very few studies of the noise characteristics of exchange-biased AMR bridges and associated equipment exist [36] , [37] , and the noise characteristics of the sensors and associated equipment for the studies in Table III has not been investigated and is, therefore, not reported. It should further be noted that the biodetection sensitivity depends not only on the intrinsic sensor noise and fluctuations of external parameters but also on how the magnetic beads are placed with respect to the sensor and on the statistical fluctuations in their number and distribution [38] .
B. Magnetic Bead Sensing and Biosensing
In this section, we present a brief overview of the studies on magnetic bead detection and magnetic biosensing performed using the presented sensor designs. We will divide the discussion in volume-based measurements where the Brownian relaxation response of magnetic nanobeads is measured and in surface-based measurements where the signal due to beads tethered to the sensor surface is measured. In Table III , the relevant studies are indicated as "Beads (vol)" and "Beads (surf)." In all studies using the PHEB, pPHEB, and dPHEB sensor designs, the magnetic beads were magnetized by the self-field.
The practical performance of the PHEB, pPHEB, and dPHEB designs for magnetic field detection and magnetic bead detection was investigated in [21] , where they were found to exhibit the theoretically anticipated behavior summarized in Table II . The pPHEB and dPHEB designs were found to suppress the signal contribution from an external applied magnetic field by at least a factor of 100, and the dPHEB design was found to suppress the sensor self-bias offset (γ 0 contribution) by at least a factor of 50.
The effect of self-heating and the limitations on the maximum sensor bias current imposed by a maximum allowable temperature increase due to self-heating were studied in [27] and the implications for the choice of optimal sensor stack and operation conditions for self-field detection were discussed in [14] .
1) Volume-Based Measurements: Initial work focused on demonstrating the measurements of the Brownian relaxation of magnetic nanobeads. The use of bridge sensors was initiated in [28] , where the additive nature of the self-field response for the PHEB design was presented, and on-chip sensor measurements of the magnetic susceptibility of 40-and 50-nm magnetic nanobeads were compared with corresponding measurements performed in a commercial ac susceptometer. This paper also demonstrated that the sensor measurements, as opposed to ac susceptibility measurements, were sensitive to the sedimentation of magnetic beads as the sensor only probes the sample volume near the sensor surface. The presented bridge design displayed a signal increase by a factor of about 6 compared with a corresponding cross-shaped sensor, and the measurements were found to show essentially the same Brownian relaxation response as obtained in the commercial ac susceptometer.
In a subsequent study [25] , the response of 40-nm magnetic nanobeads was studied versus their concentration, and for these beads, it was found that the signal was proportional to the concentration over almost two decades and that Brownian relaxation frequencies could be extracted reliably for concentrations down to 63 μg/mL corresponding to a signal in V 2 at the Brownian relaxation frequency of 30 nV. Using Table II and the reported values of S 0 obs and I rms , we estimate that this signal corresponded to an rms magnetic bead field of 15 nT and note that the signal was obtained from a volume over the sensor of about 1 nL. Furthermore, it was demonstrated that on-chip measurements could be performed between 40 Hz and 1 MHz in a matter of minutes.
In a further study, the ability of the sensor platform to perform reliable measurements on beads with different sizes in the range between 40 and 250 nm was investigated [29] . In this paper, the largest beads with a size of 250 nm were found to provide a signal that drifted and increased with time due to the sedimentation of beads on the sensor. Moreover, these beads also showed a hydrodynamic size that was significantly larger than their nominal size, possibly due to agglomeration or interaction with the sensor surface. Furthermore, the signal-to-noise of the Brownian relaxation measurements was used to estimate theoretical limits of detection for bioanalysis, and beads with a diameter of 80 nm were identified as optimal. In parallel, a new method for sensor measurements of the relaxation response in the time domain was presented and demonstrated for beads with sizes in the same size range [18] . This method shortened the measurement time from a few minutes to 30 s, such that real-time measurements of the relaxation response could be performed. However, the method was also found to have limitations in terms of the bead sizes and in the window of relaxation times that could be resolved. The subsequent work was, therefore, still based on lock-in measurements in the frequency domain.
In a subsequent key study [30] , the developed sensor technology was applied for the volume-based detection of DNA amplicons formed via a rolling circle amplification process from a bacterial DNA target from Vibrio Cholerae as well as from a Bacillus globigii bacterial spore target. The biomolecular amplification process results in long concatemers of DNA complementary to a padlock probe that recognizes the target. These coil up to form DNA coils with a diameter of about 1 μm. The detection of the DNA coils was based on measurements of the significant hydrodynamic size change experienced by the 80-nm magnetic nanobeads when they bind to the DNA coils. The binding causes these beads to contribute with a signal at a substantially lower frequency than the free beads. Fig. 6 shows the spectra of V 2 measured on-chip for the indicated concentrations of DNA coils formed from Vibrio Cholerae. Note that these spectra correspond to spectra of the out-of-phase susceptibility, χ (see Table II ), and thus display a peak at the Brownian relaxation frequency, f B (19) . The spectra could be divided into regions of medium frequencies dominated by the signal from free beads and low frequencies dominated by the signal from beads bound to DNA coils. Several analysis strategies to address the lack of absolute units of the signal were investigated. The best results were obtained by taking the ratio between the total signal in the low-frequency region to that in the medium-frequency region. In the chip experiments, the sedimentation of beads bound to DNA coils was found to improve their relative signal and thus to improve the sensitivity. The lowest concentration detected of 2 pM compared favorably with the limit of detection obtained using commercial ac susceptometers.
2) Surface-Based Measurements: To perform surface-based measurements of DNA interactions, selected areas on the sensor surface were functionalized with DNA detection probes. Measurements of the in-phase sensor response V 2 for 80-nm functionalized magnetic nanobeads incubated with ∼1 μm coils of DNA formed by rolling circle amplification from a Vibrio Cholerae target at the indicated concentrations. The V 2 -response is proportional to the χ -response. The signals from individual beads and beads bound to DNA coils are observed at medium frequencies and low frequencies, respectively. The spectra were normalized with the total signal. Reproduced from [30] with permission of John Wiley and Sons.
The biotinylated DNA target to be investigated was introduced in the fluid system together with 50-nm streptavidin magnetic beads. Hybridization of the target to the DNA detection probes enabled linking of magnetic beads to the sensor surface. After initial experimental verification of the additivity of the signals from magnetic beads bound to the surface of the different branches of the PHEB design (m = 1 and n = 0) [20] , subsequent studies of DNA were performed using the dPHEB design with the entire bridge placed centrally in a microfluidic channel where the two top branches of the sensor bridge were functionalized with DNA detection probes and the two bottom branches were left unfunctionalized and thus functioned as a local negative reference. This design was shown to efficiently cancel the sensor offset as well as the signal from magnetic beads in suspension over the sensor, such that only beads bound to the top half of the bridge via specific interactions were detected [20] . This enabled real-time measurements of the sensor response due to specific interactions under varying experimental conditions and thereby also during washing steps and temperature changes.
The magnetic beads employed in these studies showed a superparamagnetic response. The largest bead signal was found in the V 2 signal, which is linearly related to the in-phase magnetic response, χ . This response was measured at a frequency high enough to ensure fast measurements with low noise and low enough to ensure that most of the magnetic response was in-phase with the self-field. A typical frequency used was f = 167 Hz. In a study of the signal versus target DNA concentration, we found that a detectable signal with a magnitude of about 15 nV was produced for a concentration down to about 150 pM [20] . The bead signal at this concentration corresponded to an average rms magnetic field of about 3 nT. In subsequent studies, a concentration of about 5 nM was used, which is typical for DNA produced by amplification by the polymerase chain reaction. Fig. 7 .
Measurements of the in-phase sensor response V 2 for 80-nm functionalized magnetic nanobeads incubated with1 μm coils of DNA formed by rolling circle amplification from a Vibrio Cholerae target at the indicated concentrations. The V 2 -response is proportional to the χ -response. The signals from individual beads and beads bound to DNA coils are observed at medium frequencies and low frequencies, respectively. The spectra were normalized with the total signal. Adapted from [31] with permission from Elsevier.
The developed sensor platform was used for the detection and genotyping of single nucleotide polymorphisms (SNPs). In [20] , we presented real-time measurements of the signal from sensors functionalized with probes targeting wild type (WT) and mutant type (MT) variants of the target during and after a stringent wash. It was demonstrated that the methods could be used for reliable genotyping of two mutation sites of the human beta globin gene. Compared with endpoint detection, the real-time analysis enabled robust genotyping even for a probe that gave almost no signal at the end of the stringent washing. Thus, the approach proved to be more flexible in terms of the probe design, where probes for endpoint detection often need careful design of their length to produce a detectable signal and robust genotyping.
In [31] , we further demonstrated that the sensor platform could be used for the SNP detection of the same targets via real-time measurements of the temperature melting of the probe-target hybrids. In these experiments, sensors functionalized with probes matching the WT and MT target variants were incubated with the biotinylated target and streptavidin magnetic beads followed by a low-stringency washing step after which the real-time signal was measured as a function of increasing temperature. Fig. 7 shows the normalized and corrected real-time signal for three sensors functionalized as indicated in Fig. 7 (inset) as a function of temperature after incubation with a WT target. Both the WT and MT sensors show a clear and nominally flat initial response that decays to zero upon increasing temperature. The melting temperature, T m , defined as the temperature at which the signal has decreased to half of its initial value, was found to be significantly higher for the matching MT probe than for the mismatching WT probe and the melting temperature difference thus provided a clear genotyping of the sample. The third black curve in Fig. 7 shows the response for a sensor bridge functionalized with WT probes on its top half and MT probes on its bottom half. A clear peak in the corresponding WT-MT signal was observed and the signal matched that obtained by subtraction of the signals from the WT and MT sensors. This demonstrated that the genotyping for this mutation could be obtained using only one sensor bridge.
In addition to the DNA detection studies mentioned earlier, ring-PHEB sensors have been applied to detect 1 − 2 μL of magnetic bead suspensions deposited on the sensor surface [35] . These measurements were carried out using lock-in detection of the sensor response to an external magnetizing field with a 1-mT ac component and a −3-mT dc component applied at an angle of 20°to the direction of the exchangepinning field, where the dc field served to increase the sensitivity. The lowest amount of beads detected was estimated to correspond to a magnetic moment of 4 × 10 −16 Am 2 . Using their reported sensitivity and signal change, we calculate that the bead signal in this case corresponded to an average magnetic field of about 6 nT.
C. Outlook
The presented sensors have demonstrated the detection of magnetic fields down to the nanotesla range. For example, in Section IV-B.2, a 15-nV signal due to surface-bound magnetic beads was resolved [31] . Considering that the thermal voltage noise of this sensor with a resistance of 89 is V n /( f ) 1/2 = (4k B T R) 1/2 ≈ 1.2 nV/Hz 1/2 and that experiments were performed at f = 167 Hz with f ≈ 1 Hz, it is likely that the main limiting factor in the presented studies was noise in the electronics used for the readout and/or fluctuations of external parameters, such as temperature and the background field in the unshielded laboratory environment where the measurements were performed. Thus, the presented results can likely be further improved by use of more optimal operation conditions. For such an optimization, investigations of the sensor noise characteristics as a function of bias current are needed to find the optimum combination of sensor stripe length and bias current to optimize the balance between the sensor signal, the 1/ f noise, and the thermal noise. At present, only few studies of the noise in exchange-biased AMR bridges exist and there is a general need for more studies of sensors with different stacks and geometries to establish reliable values of the Hooge parameter that characterizes the 1/ f noise [36] , [37] .
As opposed to barberpole AMR sensors, which can be designed to dynamically self-correct for an offset in the sensor response, such that absolute field measurements can be performed [4] , the presented sensors suffer from a temperaturedependent offset due to a slight unbalance in the bridge. At present, it is yet to be explored to which extent this offset can be nullified and compensated for. Therefore, the present sensors are best used for measurements of field changes, where an offset is a smaller problem.
The sensors have proved their ability to detect small amounts of magnetic beads both in volume-based and surfacebased detection formats and that the sensor can be integrated in a flexible lab-on-a-chip platform. The presented detection scheme using the sensor self-field allows for detection with no signal cancelation effects due to the position of the beads with respect to the sensor. The presented scheme allows for comparatively fast measurements in a compact format, which is capable of covering a wide range of frequencies (dc to MHz). The sensor system is flexible and can be integrated in lab-on-a-chip systems or other systems for dynamic magnetic measurements. Drawbacks of the system are the limited potential to make low-cost disposable systems and that only relative magnetic susceptibility measurements can be performed. However, as demonstrated, the sensor design space is large and highly flexible offering opportunities to tailor the design and operation of sensors to specific application and to include built-in reference structures.
V. CONCLUSION
We have reviewed the theory of operation of exchangebiased AMR bridge sensors, also termed PHEB sensors, starting from simple sensor construction elements to how these can be combined to form sensors tailored toward magnetic field sensing, sensing of magnetic beads, and differential sensing. We have focused on the special application where the sensors are used to detect magnetic beads being magnetized by the sensor self-field arising from the bias current passed through the sensor and we have presented theoretical expressions for the signals that can be measured using lock-in detection. We have introduced the setup integrating electrical contacts and a fluid channel in a simple "click-on" system. We have reviewed the literature on magnetic field sensing using PHEB sensors and a simple overview of the characteristics and performance of the presented designs was given. We further reviewed the literature on applications of the sensors for magnetic bead measurements and biosensing either in volume-based or surface-based formats and gave an outlook on challenges and opportunities for these sensors.
